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SOLAR MAGNETIC FIELD MEASUREMENTS

E. H. Schrdter,
Universit8ts-Sternwarte Gottingen

By now it is clear that all manifestations of solar activity/55%
such as spots, flares, protuberances, eruptions, etc., are
dictated by the spatial structure of the local solar magnetic
fields and the changes in them. It is thus understandable that
the measurements of magnetic flelds 1n the regions of solar
activity has in the past 60 years' become one of the focal points
of solar physies. In the last two decades, a much greater effort
can be observed (see e.g. the IAU Symposium No. 43 in Paris, 1971)
on both the experimental apparatus and on the theoretical inter-
pretation of the measured data. However, the Increased preclision
requirements-on the results -- a precilsion necessary for the
understanding of manifestations of solaractivity -- can by only
partially satisfied. It thus seems appropriate not to report on
the results of solar magnetic field measurements at this point,
but instead to outline the problems and difficulties which hamper
the derivation of the spatial structure of the magnhetlc field
vector in a region of solar activity.

Stokes Vector and Magnetic Vector (Theory of Line Formation in
Magnetic Field)

The measurements are based on the Zeeman effect in absorp-
tion. Fig. 1 depicts its most important properties: the
splitting of the Fraunhofer lines into several components (for a /56

! On June 25, 1908, G. E, Hale at the Mt. Wilson Observatory
succeeded 1n detecting the magnetic field in sunspots for the
first time.

¥ Numbers in the margin indicate pagination in the foreign text.
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angle y, the two o-components are partially elliptically polarized
with opposite senses of rotation, and the m-component is

linearly polarized. The ratio of the axes of the polarlzation
ellipse is determined by the angle ¥y, and the azimuth of the

major axis of the ellipse by the angle ¢. The splitting

A"'B £ I"*n "'_Ar.!{

yields |B].

The finite width of the solar lines means that the splitting
AAB ¢an be directly meaSured only for fields |B| > 1500 Gauss.
To determlne smaller fields and to measure the field vector,
the polarization state within a magnetically splitting Fraunhofer
line must be analyzed.

As an aid 1n the representation (and mathematical treatment)
of the polarization state of light, the so-called Stokes vector
suggests itself (Shﬁrcliff, 1962). If I = the total intensity
of the partially polarized light, V = the intenslty of the



elrcularly polarlzed component (with the appropriate signs for
left and right circular polarization), and Q@ and U two further
parameters with the dimensions of intensity which describe the
linear~polarization component v Q2 + U2 = Piins then the
polarization state of the light is completely described by the
vector (I,Q,U,V). Illustrations for complete polarization:

e (LL00), 11 (1L=1,00), 7 (1,0,10), Nz (10,~1,0), T: (1001}, T : (1,0,0,—1) . /.
For complete polarization, I° = Q2 + U2 + V2, while for partial
polarization 12 > Q2 + U2 + Vz, and the degree of polarization

P is defined by P = ((Q° + U + VE)/Iz)l/a-

By analogy to the definition of the relative line absorption
coefficlent ny = KL/KK for unpolarized radiation, the corresponding
absorption coefficients ni> Ngs Nys Ny can be defined by the
Stokes parameters. The Sears formulas then state:

M= §gesin’y 4 § (1 + cos’y) (g + 7g)
nq=1[k e —% (nr + nm)}sin®ycos 2 ¢ (130
= [2 70— { (yn + yn)]sin ysin 2 g
v = 3 (fjg — 7y) cos

where

e = () pr = mA+ A4 By = md—A;) .

Assuming that all three Zeeman components.are optically thin (i.e.
Tp v Nps Igg " nNR, ete.), the relationships in (1) provide the
first rough relationship between the Stokes vector (in this case,
np + I, Ng * Q, ny > U, and ny =~ V) and the magnetic field vector.
It is convenlent to choose the coordinate system for describing
the Stokes vector so that U = 0, i.e. sin 2¢ = 0 and cos 2¢ = 1
(Fig. 2). Fig. 3 summarizes in simplified form the principle

of such calculations, compares it with the corresponding cal-
culations for unpolarized radiation, and collects the figures
which are involved in the calculations. For details of this /5
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theory, we refer the
reader to the survey
article of S3Stenflo

(1971).
1ls the group of ad~

Qur concern

ditional error sources
beyond the known un-
certainty factors in
& still atmosphere:

a) For every
subdivision of the
reglon of activity
(umbrae, penumbrae,
flares, etc.), the
precise stratification
of temperature and
pressure must be known;
as 1is known, the
gquestion of whéther the
hydrostatic equilibrium
holds in these solar
regions had not been
If hydro-
static equilibrium is

¢leared up.

not guaranteed (which,
strictly speaking, is
always the case), there
is a direct coupling
between Pn(7) and

B(t), and Ps(T) would

now have to be calculated
for an assumed B(1) via
the fundamental magneto-
hydrodynamic equations.



b) If coherent and incoherent scattering are to play a role /58
in line formation, the calculations become still more compli-
cated, and more free parameters enter. Attempts at allowing
for scattering processes have already been made (with regard to
the literature, see Stenflo (1971)). Hyder (1968) further in-
dicated that ignoring the "Hanle Effect"™ (resconance scattering
of bound electrons in the magnetie field) can result in errors

in the interpretation of the measured data.

¢) As a consequence of the magneto-optical effects (MOE),
i.e. the Faraday effect (rotation of the linear polarizatiocn
within the stellar atmosphere), and the Voigt effect (phase delay
within the stellar atmosphere), the damping constant T in-
fluences not only the tails, but generaly the entire length of
the Stokes parameter curves (particularly those for @ and V)
within the line (see Wittman (1971)). Uncertainties and errors
in I', which have been abundantly discussed in recent years in
the literature, fthus influence directly the interpretations of
the measurements.

a) |B|(t), v(1), and ¢{t) must be assumed (and we still know
very little about the solar magnetic fields as function of depth),
in order to compute the form of the Stcokes vector leaving the
stellar atmosphere. Nevertheless, the sensitivity of the final
result to the assumptions on [B(t), yv(t), and ¢(t) -- and thus
the error limits which must be applied in comparing measured and
computed Stokes parameters —-- has not yet been adequately checked.

The fact that the results of the theory can only be obtained
by numerical integratlion compels the observatoeries watching the
solar magnetic filelds to compile a kind of "Stokes-Vector
Library," in which computed Stokes parameters are collected with
sufficient density for all possible variations of the three
field-strength components |B|, Yy, and ¢, and for all possible



atmosphere models and observation techniques (magnetograph
splitting, ete.}. It 1is easy to estimate that the required num-
ber of line-profile computations will be on the order of 104 or
105. The observer then must convert his measurements (roughly
105 measurements can be expected for a 200" x 200" region of
activity) into field components by interpolating them into this
Stokes vector library.

Polarimeters

4g 13 known, devices which analyze the polarizatlion state
are called polarimeters. However, solar physicists call these
devlices magnetographs, although 1t is basieally polarization
which is measured, and then converted inte magnetic-field
components. Figs. 4 and 5 show schematically the mode of opera-
tion of a photographic and a photoelectric V-polarimeter, as
well as one variant each for the operation of a photographic and
a photoelectric vector polarimeter. We will not go into detailed
deserliptlions of these self-explanatory diagrams, and refer the

reader for details

_ to e.g. survey articles
PRINCIPLE OF ) by H. von Kliber (1964)

PHOTOGRAPHIC  POLARIMETERS
. o and J. W. Evans (1966).

l! from pactagraph : iJﬂ“””““” The reader is referred

f h‘i\/u-u

i to the article by
‘ J. M. Beckers (1971)

for further, more

DIt BEAM SPUTTER - vt

recent original litera-
ture. In the following,
we wlll compare the

advantages and draw-
backs of the two V-
polarimeters (the left
half of Fig. 4 and 5)%

.
1
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Photographic V-

PRINCIPLE OF PHOTOELECTRIC POLARIMETERS olarimeter: This device
- LONGITUDINAL - - VECTOR -

1 BabENE - Nivpwmbeuer tongh mepriegsh form esbtte of remormm. pansibn ooyt |- is simple, and thus

oy FETARDATIN YBLIAGE a2 st 1eps inexpensive and not
i

susceptible to break-
down, and it operates
fquickly. With a 40-cm
?telescope, the exposure

3~;“ 'time on fine-grained
jfg[mﬁﬁr“u “T” jplates is around 10 sec
IFFERERCE ' (Beckers and Schroter
e (1969) showed that,
I el DR contrary to the prevalent
; IE opinicon, a rms-nolse
FOR WEAK HAGNEIII:GELIJS= of about +10 Gauss 1s
Secast+ 1 484)-9% ey S0 S obtained). With a slit
- M a1 ﬂZiﬂ‘ iheight of 200" and a
Fig. 5., " "Msereen.line distance"

of 1", 200 exposures
(i.e. about 33 min pure observation time) supply the information
on |B| and v, and thus By, in a 200" x 200" region of activity.
Since In this case the entire llne-profile is utiligzed for ex-
tracting information, there are no saturation effects as in the
case of the photoelectric V-polarimeters. However, much more
reductlion work is involved Than with the Babcock-Kiepenheuer
magnetograph. To study the above-mentioned 200" :x 200" region
with a screen unit of (1")2
of 2-(2°10°)°
there are agbout 10 lines per R in the solar spectrum, this work

s & photographic precision photometery
line-profiles 1s required. Since, on the average,

corresponds to a photographic¢ photometry of an BODQK solar spec- /60
trum! Hence, measurements with this method on a large scale

can only be made when completely automatic digital photometers

are avallable. The work 1nvolved increases agaln by a factor

of 3.5 1f the photographic vector-polarimeter is employed for



measuring the field-vector components. This i1s the reason why
only two such devices have been utilized in solar physics
(Nishi  (1962), Wittman (1973)).

Photoelectric V-Polarimeter (Babcock-Kiepenheuer Magnetograph):

The large amount of electronic apparatus makes thls device
expensive and susceptible to malfunction; 1n spite of the better
quantum yield of the receiver, it operates more slowly than the
photcographic polarimeter described above. To obtain a "rms"-
noise of *5 Gauss, an integration time of about 1 sec per
1" x 1" measured spot is required. Thus, for a 200" x 200"

4 sec or about 11 hours.

region of activity, one needs 4-10
Information on Bf 1s obtained from only two subregions of the
line-profile. For greater field strengths (> 1000 Gs) and

reasonable widths for the collimating slits 57 and 82, there are
saturation effects with subsequent reduction in the signal

(> 2000 Gs), so that ambiguities can arise. Thé problem of
calibrating the magnetograph signals (converting the photoelec-
trically measured clrcular polarization into BL) has likewise not

yet been satisfactorily :selved, and has resulted in the formation

of an IAU Working Group in 1971. Simultaneous measurements of é@l
several observatories in this project yielded differences in By,

by up to a factor of 2, The reductlon effort is certainly much
smaller than in the photographic method; this essentially ex-

plains the greater "popularity" of the photoelectrie polarimeter.

The difficultles 1n ascertaining the magnetic field vector
(i.e. in the measurement of all Stokes parameters) 1s not so
much in the inevitably greater complexity of the apparatus (the
right halves of Figs. 4 and 5 show two possible designs for a
vector polarimeter), but in the much weaker measured signal for
the Stokes parameters Q and U,



In the case of weak magnetic fields (only these will be
considered here), the relationships (2)}* show that the measured
signal is the intensity change caused by the twofold splitting
2AAg. Accordingly, for the relative signal (aI/1I);, (degree of
circular polarization), we may write

dr AL Akg
(dIfI), = —2 v cos y dv v= Adp ! s T Alp ; {3)

We assume a Gauss profile for the line-proflle, and place the
measuring slit at the point where (dr/dv) has its maximum, and
obtaln

o,

’ MUDL==L7vBQﬂmsyN (rc = residual penetration)

For the maggetically splitting line XA 5250 with g = 3 and
Ahp = 42 m A, we finally obtain:

o \
(dIjT), = 9.4-10-* |B|cosy = 9.4 - 10~ - By (4)

Transverse Field Component Bm (|B| sin vy)

r In this case, the relationships (2) imply for the relative
signal (dI/I)g (degree of linear polarization):

. dir
= 2 2 ———
(AL/D)y = 05 vty sin® y o (5)

With the same assumptlons as above, with a measuring slit in the
Centep.of.thewlinezh‘52503:wefobtain”f..“‘,. e o

2 There is no equatlon (2) in original.



(A1/l)y = 2.6-10~7 {B2sin?y — 2.6+ 10-7 - BiF o)

TABLE 1
By, By (dI/T), (dI{D)p \
500 Gs 479, 620% |
100 Gs 9,4 %, 0.269% |
50 Gs . 4,79, 6 10-29 \
10 Gs 099 2,6 10-2%, !

Since experience has shown that (even with photoelectric methods) /63
the measuring limit of 0.1% cannot be reduced, the comparison in
Table 1 shows that there is little hope that the magnetic vector

can be measured with greater precision than £100 Gauss.

Let P be the number of photons per sec¢ incident upon 1 cm2
of the telescope aperture, 0 the effective telescope aperture
(= telescope surface x guantum yield of the entire apparatus),
and t the integration tlme.

Then the number of the light quanta composing both signals is

Ay = (POt)-94-10-1- By  Ap = (POt)- 2.6+ 107 B2 b (7)

The photon noise R is on the order of (PDt)l/2. We assume that
the detection 1imit for both field componentns B and

m L, min
BT, Min 153 reached when A/R ~ 2, Then:

Busun = 21 105(PO8) 12 By, = 2.8+ 103(POt-14 . | (8)

Now, for A 5250:

1o L. * . !

10



Here, F is the scanning surface on the sun in cmg,'AE = astro-
nomical unit, AA* = width of the measuring slit in R and

I,/I3 = relative line intensity at the measuring point. The
factor 0.5 takes into account the transparency of the earth's
atmosphere.

With the empirical values: AA*; = 0.1 & *I,/I )y = 0.6
=]
(sides of the line); lAA¥; = 0.05 A, (Ik/IO)T = 0.4 (center of
the line), we obtain

Braun = 64 - 108(FOt) 12 By, = 1.6+ 105(FOt)-11 . j

(10)

While F (the scanning surface) and t (integration time) are free

variables, 0 is fixed for a specific instrument.

For a L40-cm telescope {e.g. Locarno, Capri), 0 = 1256:qg.
The quantum yield g of a sclar telescope including spectrograph
and magnetograph is on the order to 1073 (see also Deubner and
Liedler (1969)), so that we finally obtain

By aun = 6 103(Ft)22 By, = 1.6 10%(F - t}"”j (11)

In Table 2 we have selected an integration time of 1 sec
(taken from practice),: and calculated the measurement 1limit for
various measuring surfaces. By "duration" we mean the measuring
time for a 200" x 200: magnetogram. In Table 3, we have required
a measurement limit of BT, MIN 20 Gauss, and calculated the
required integration times and durations for various measuring
surfaces.

11



TABLE 2

t = 1 sec

F 1" x 1 2°x2 8 x8 |
By win 8Gs 4 Gs 1Gs !
Bryie 185Gs 130Gs 64 Gs l

Duration ~,]¢h 25h 40m
TABLE 3
B—r' Min = 20 GS ) i
F 1" x 1" 2" x 2" 8'><8"i
t 2h 30m Qm
" Duration ~v108 ~1[28 20h
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- LEIGHTON'S METHOD-
SPECTROHELICGRAPH - EXIT [ARK RODM REDACTION WORK

g_ﬁﬂ”@ﬂg S T T T

hy y hy hy Wy
ST M Y] e )
R — ) T DA:-DARKER £han
AVERAGE
N E 2R NS % BA:BRIGHTER than |
! ‘AN A1 'M" . AVERAGE
o i ot POSITIVE OF %, AsAYERAGE {
NORTH-POLE: &% < 2 12-1">0 '
1u>~,,4}.quSQquT.nmmﬁnrf
=]
> \
SOUTH- Pﬂl[ i | i -| <f
3 SUPER POSITION
MAGHETD- MAGNET0- L-& \
SPECIRDHELIDGRAM|  (SPECTROHELIOGAAM
Fig. 6.
Accordingly, there 1s virtually no hope of measuring the /6

field vector with a precision of *20 Gauss,

. The only parameter
which we can change is O

. and this would have to be increased by

12



about 103 to achieve such a measurement limift with acceptable
measuring times. Enlarging F beyond 8" by 8" is pointless,
Since then all the fine structures in the magnetic field are

washed out.
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Thus, for the time being, we must content ourselves with
the measurement of the longitudlnal component -- outside of
sunspots. Fig. 7 summarizes in the form of an Information flow
dilagram the principal components which distort or falsify solar
magnetic field measurements. The part of the diagram at the
lower left is intended to draw attention to the fact that even
when we have satisfactorily corrected for the influences on the
matrix (A, T, P, C, TH), we have measured the magnetic field
vector in a thin layer of about 100 km, compared with a charac-

teristlec magnetic-field extensilon of 103 to 105 km.
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